We describe a low-cost and efficient alexandrite (Cr:BeAl 2 O 4 ) laser that is pumped by a high-brightness tapered diode laser (TDL). The tapered diode (TD) provides up to 1.1 W of output power and its wavelength can be finetuned to either 680.4 nm (R1 line) or 678.5 nm (R2 line) for efficient in-line pumping. Continuous-wave (cw) output powers of 200 mW, slope efficiencies as high as 38%, and a cw tuning range extending from 724 to 816 nm have been achieved. To the best of our knowledge, the cw power levels and slope efficiencies are the highest demonstrated so far from such a minimal complexity and low-cost system based on the alexandrite gain medium. Consequently, TDs operating in the red spectral region have the potential to become the standard pump sources for cw alexandrite lasers in the near future.
INTRODUCTION
Optical gain media with broad emission bandwidths are highly versatile and enable extended wavelength tuning, as well as the generation and amplification of ultrashort optical pulses. If these active laser media also posses suitable absorption bands that allow direct diode pumping, this brings many additional advantages, such as lower cost [1, 2] , compactness [3, 4] , higher electrical-to-optical conversion efficiency [5, 6] , and lower noise [7] . Ti:sapphire has the broadest gain bandwidth among all the solid-state laser media, facilitating tuning from 680 to 1180 nm [8] , as well as direct generation of pulses as short as 5 fs [9] . The ideal pump wavelength for Ti:sapphire is around 500 nm [10] . However, due to the lack of suitable low-cost and high-power diode lasers in this spectral region, currently Ti:sapphire lasers are pumped by GaN diodes at 450 nm [11] [12] [13] [14] . In a recent work, using two 1.2 W multimode single-emitter diodes as the pump source, Durfee et al. generated 15 fs pulses with 34 mW average power from a Kerr-lens mode-locked Ti:sapphire laser [13] . Continuous-wave (cw) powers as high as 159 mW and mode-locked powers as high as 101 mW (111 fs long pulses) have also been reported from a similar diode-pumped system [15] . Progress in directly diode-pumped Ti:sapphire laser systems is promising. Currently, the optical-to-optical conversion efficiency of the systems is rather low (5%), partly due to the low pump beam quality and high passive losses of the Ti:sapphire gain medium [11] . We also note here that frequency-doubled-tapered diode lasers (TDLs) have also been recently demonstrated as a possible pump source for Ti:sapphire [16] .
Similar to Ti:sapphire, chromium 3 -doped laser materials also possess broad emission bands around 800 nm. Moreover, their strong and broad absorption bands in the visible region of the spectrum enable wavelength and polarization flexible direct diode pumping by low-cost red diodes (630-690 nm). There exists a relatively large number of Cr 3 -doped materials in which lasing has been reported [17] . Only a few, like Cr:colquiriites (Cr:LiSAF [18] , Cr:LiCAF [17] , Cr:LiSGaF [19] ), emerald (Cr:B 3 Al 2 SiO 3 6 ) [20, 21] , and alexandrite (Cr:BeAl 2 O 4 ) [22] [23] [24] [25] [26] are suitable for efficient laser operation with slope efficiencies above 50% since most of the other candidates suffer from strong excited-state absorption. In this work, our attention has been focused on alexandrite due to its blueshifted gain profile compared to Cr:colquiriites. The peak emission of alexandrite is around 750 nm. This wavelength is quite important for optimum excitation of several widely used fluorophores in multiphoton microscopy, including 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI), Alexa flour 488, indo-1, and fura-2 [27] [28] [29] [30] .
Alexandrite (Cr-doped chrysoberyl) was first shown to lase in 1978 by Walling et al. [23] . It has many superior optical and thermal properties (see Table 1 ), including an intrinsic slope efficiency of 65% [36] , a broad tuning range from 700 to 860 nm [24, 33] , lack of concentration quenching of fluorescence lifetime [31] , and, interestingly, increased laser performance at elevated temperatures above room temperature [33] . Due to all of these, alexandrite was one of the most popular tunable lasers on the market during the 1980s [31] . This continued until the emergence of Ti:sapphire systems, at which time attention paid to alexandrite lasers began to diminish. However, we believe that with the recent progress in laser diode technology, alexandrite lasers can now offer a low-cost, efficient, and compact alternative to the existing Ti:sapphire laser technology in selected areas of applications, especially for multiphoton microscopy. Figure 1 shows a simplified energy level structure for alexandrite in E∥b orientation. Transitions from the ground state to the vibronically broadened 4 T 1 and 4 T 2 states generate two broad (FWHM around 100 nm) and strong absorption bands with peaks around 410 and 590 nm [23] . These states have relatively short lifetimes (the intrinsic lifetime of the 4 T 2 state is around 6.6 μs). Moreover, similar to ruby [42] , the metastable 2 E state lies below the vibronically broadened 4 T 2 level in alexandrite. Hence, ions excited to the 4 T 1 and 4 T 2 states rapidly decay to the metastable 2 E state with a lifetime of around 1.54 ms [25] . Using transitions from the 2 E level to the ground state ( 4 A 2 ), lasing at the sharp line around 680.4 nm could be obtained (three-level lasing mode). The same transition produces lasing at 694.3 nm in ruby [42] .
The advantage of alexandrite in comparison with ruby is the lower energy difference between the 2 E and 4 T 2 levels (800 cm −1 in alexandrite as opposed to approximately 2300 cm −1 in ruby), corresponding to only a few kT at room temperature (200 cm −1 ). Hence, a significant amount of the states in the 4 T 2 level is populated in the thermal quasiequilibrium after excitation ( 2 E acts as a storage level and increases its lifetime to around 262 μs at room temperature). Moreover, duo to the Franck-Condon principle, transitions from the 4 T 2 level to 4 A 2 are favored over the transition from the 2 E to 4 A 2 . Hence, alexandrite can produce broadly tunable laser radiation in the 700-820 nm wavelength range as a fourlevel system [26, 43] . This property also enables higher laser efficiencies at elevated temperatures above room temperature in alexandrite [33, 44] . In contrast, the energy difference between the 2 E and 4 T 2 states in ruby is too high to obtain reasonable population density in the 4 T 2 state. One can directly pump alexandrite laser ions to the storage level (in-line pumping to level 2 E) to reduce the energy difference between the pump and lasing wavelengths and, hence, to minimize the quantum defect. The 2 E level is actually an orbital doublet (R 1 and R 2 lines), and the 4 A 2 → R 1∕2 transitions (zero-phonon transitions) create two narrow (FWHM around 0.5 nm) absorption peaks at 678.5 and 680.4 nm [24] . The inset graph in Fig. 1 shows the measured absorption spectrum of alexandrite in this region. Diverse excitation bands (broadband 4 T 1∕2 excitations and narrowband R 1∕2 excitations) allow different pump options for alexandrite. Flashlamps [45] , Xe/Hg arc lamps [25, 46] , krypton ion lasers (647 nm) [47] , dye lasers (615-680 nm) [36] , frequencydoubled neodymium lasers around 530 nm [48, 49] , and even sunlight [50] have been used for pumping cw alexandrite lasers. With lamp pumping, output powers as high as 60 W could be obtained. However, the systems are complex and bulky. Maximum reported slope efficiencies are 1.5% (optical-tooptical with respect to incident pump power) [25, 46] . On the other hand, single transverse-mode pump sources like dye lasers or argon ion lasers resulted in more efficient laser operation (up to 64%) [36, 47] . However, for these cases the pump source itself is an expensive laser system. Hence, none of these pump sources could provide the advantages of direct diode pumping and cannot compete with the Ti:sapphire lasers in the market.
Alexandrite lasers were first pumped by diodes in 1990, using two 5 mW single-mode diodes around 680.5 nm [51] . The alexandrite laser output power was less than 1 mW [51] . The same group has then pumped alexandrite lasers using two 250 mW multimode diodes around 640 nm and obtained 25 mW of cw output power [36] . In a study published in 2005, using a high-power (10 W) diode array consisting of many single-emitter multimode diodes around 680 nm, cw output powers as high as 1.3 W have been obtained from alexandrite lasers [52] . However, the transverse intensity profile of the emission from the diode array was quite structured. This resulted in a multimode laser output (M 2 of 2.8), as well as relatively low slope efficiencies. Recently, Damzen et al. obtained cw output powers as high as 6.4 W from an alexandrite laser system side-pumped by two 29 W diode arrays at 635 nm [53] . In this study, the slope efficiencies remained below 20%.
In this work, to our knowledge, we present the first demonstration of high-brightness TDLs as pump sources for the alexandrite gain medium. The TDL provided up to 1 W of output power with a tunable optical spectrum centered around 678.5 or 680.4 nm, which is suitable for in-line pumping of alexandrite by populating the R-lines. The diodes possess M 2 (1∕e 2 ) values of 1.1 in the fast axis and 5 in the slow axis, and a brightness of about 500 mW∕μm 2 , which represents a twofold improvement compared to the state-of-the-art singlemode and broad-stripe single-emitter diodes in the same wavelength range [54] . While pumping at the 678.5 nm line, using a 0.5% output coupler, we have obtained output powers as high as 168 mW, slope efficiency as high as 38%, and a cw tuning range from 724 to 816 nm. The laser output was multimode with M 2 values of 1.25 and 4.5 in the horizontal and vertical axes, respectively. Upon insertion of a slit near the output coupler, we could also obtain a beam profile close to TEM 00 at an output power of 112 mW. Using Findlay-Clay analysis, the round-trip loss of the cavity was estimated to be around 0.4%. Caird analysis gave a value of 0.3% for the round-trip loss and 63% for the intrinsic slope efficiency. Last, upon pumping at the 680.4 nm line with a stronger absorption, cw output powers as high as 200 mW could be obtained. These results demonstrate the suitability of recently available tapered diode (TD) technology as efficient pump sources for alexandrite lasers. This initial study has the potential to pave the way for the development of low-cost compact femtosecond alexandrite lasers near 750 nm as optimal pump sources for multiphoton microscopy.
The paper is organized as follows. Section 2 introduces the experimental setup and methods employed. Section 3 presents detailed cw lasing results. In Section 4, we summarize the results and provide a general discussion.
EXPERIMENTAL SETUP
We start this section with a brief description of the TD that was employed as a pump source for alexandrite. We have been using similar TDs to pump Cr:LiCAF and Cr:LiSAF gain media to minimize the complexity in pumping geometry [54] . Similarly, we believe that the TDs that provide the highest brightness output at these wavelengths will considerably simplify the complexity and lower the cost of cw alexandrite lasers. The TDs used in this study were grown and characterized at the facilities of Ferdinand Braun Institute [55] . The TD has a total cavity length of 2 mm. It consists of a 500 μm long ridge waveguide section and a 1.5 mm long tapered amplifier section with a flared angle of 3°. At the output the TD has an aperture with a width of 80 μm. The front facet and rear facets of the TD have reflectivities of 1% and 94%, respectively. The TD is mounted on standard C-mounts, with p-side down with copper tungsten submounts using AuSn solder. A commercial c-mount diode fixture (ILX LDM-4409) with thermoelectric cooling is used for housing the diode.
Figure 2(a) shows the measured variation of the optical output power of the TD, with drive current at diode holder temperatures of 15°C, 20°C, and 25°C. At 15°C, the TD has a lasing threshold of 500 mA and a slope efficiency of 0.75 W∕A. At a drive current of 2 A, the diode provides up to 1100 mW of output power, with a diode voltage of 2.5 V, which corresponds to an electrical-to-optical conversion efficiency of about 22%. The diode spectrum is centered at 678.5 nm and has a width of about 1.5 nm (FWHM) at 15°C case temperature and 2 A diode current. We note here that this wavelength directly matches the R 2 line of the alexandrite crystal. As we can see from Fig. 2(b) , by increasing the diode case temperature to 25°C-30°C, it was possible to shift the diode wavelength to the R 1 line of alexandrite, which actually has a stronger absorption [24] [ Fig. 1(b) ]. However, the diode output power is lower for this case (980 mW at 2 A and 25°C) due to the increased temperature. In most of our lasing experiments we have exploited the R 2 line for pumping. For comparison, lasing results obtained while pumping the R 1 transition will be presented in Fig. 11 .
The method of the moving slit (ISO Standard 11146, Annex A) is applied to measure the beam quality of the TD. The intensity profiles of the beam waist, the intensity distribution along the front facet, and the astigmatism of the diode output are also investigated. During the measurements, the laser spot is magnified by using a telescope with a magnification of about 60. The studies are carried out at a diode output power of 1 W and at diode holder temperature of 15°C. The beam waist, far-field, and near-field profiles of the TDL in the slow axis are shown in Fig. 3 . Around 96% of the emitted power originates from the central lobe of the beam waist. We have found a beam waist of 16.4 μm at the 1∕e 2 level, and a farfield angle of 7.5°(1∕e 2 ), which leads to a beam propagation ratio of 5 (1∕e 2 ). In the fast axis, the beam propagation ratio is determined to be better than 1.1 at the 1∕e 2 level, and the beam divergence was about 30°. The astigmatism of the diode is measured to be 650 μm. Using the above-mentioned parameters, the brightness of the laser device is estimated as B 500 mW∕μm 2 , which is about 2 times higher than the commercial single-mode diodes and single-emitter devices on the market. However, it is possible to grow TDs with brightness approaching 1000 mW∕μm 2 [54, 55] . Hence, the results presented in this study are likely to be improved in the near future by using even higher quality TDs. Figure 4 shows a schematic of the TD-pumped alexandrite laser. The diode output beam is first collimated with a 4.5 mm focal length aspheric lens with a numerical aperture of 0.54 (f1 in Fig. 4) . A cylindrical lens with a focal length of 50 mm (fz, acting on the fast axis) matched the diode divergences in both axes to minimize astigmatism. Then the pump beam is focused inside the alexandrite crystal, using an achromatic doublet with a focal length of 60 mm (f2). A half-wave plate (HWP) and a polarizing beam splitter cube (PBS) are used to adjust the incident pump power on the crystal. Variation of the diode current changes the output wavelength. Therefore, the diode current is kept at 2 A in all the experiments. The incident pump power on the crystal at the maximum drive current has been 925 mW (lower than 1.1 W due to the transmission losses of the optics). The cw laser experiments are based on an astigmatically compensated X-cavity consisting of two curved mirrors (M1 and M2, ROC 75 mm), a flat end high reflective (HR) mirror, and a flat output coupler (OC). The HR mirrors have a reflectivity greater than 99.9% from 725 to 925 nm and a pumping window with transmission above 98% in the red spectral region. The length of the long cavity arm has been adjusted to 45 cm to obtain a beam waist of approximately 20 μm inside the gain medium. The short arm length is 35 cm long in all the experiments. A Brewster-cut, 10-mm-long, alexandrite crystal (Northrop Grumman) with a thickness of 3 mm and a width of 5 mm (chromium-doping level 0.2%) is used in the study. The crystal absorbs 73% and 95% of the incident TM polarized pump light at 678.5 and 680.4 nm, respectively. The crystal is mounted with indium foil in a copper holder, which is temperature stabilized to 25°C with a circulating water chiller. We note that we have observed a strong tendency of alexandrite lasers for self-pulsing (also known as self-Q-switching) [56] . Similar phenomena have also been reported in other Cr 3 -doped materials, such as Cr:LiCAF [56] , Cr:LiSAF [57, 58] , and ruby [59] [60] [61] [62] . However, it is possible to obtain pure cw operation by fine adjustment of the separation of the curved mirrors. Figure 5 shows the measured efficiency curves of the cw alexandrite laser using several different output couplers with transmission ranging from 0.1% to 2.5%. The highest power was obtained using a 0.5% output coupler. With this OC, the laser produced 168 mW at an absorbed pump power level of 670 mW. The free-running laser wavelength was 755 nm. The laser slope efficiency was 25% at low incident power levels and then increased to 38% at higher pump powers (an overall fit gave an average slope efficiency of 31%). This unusual effect is clearly visible in Fig. 5 . We believe that this is possibly due to an improvement in mode matching between the cavity and pump modes at increased pump power levels. The overall optical-to-optical and electrical-to-optical conversion efficiencies were ∼15% (168 mW∕1100 mW) and ∼3.4% (168 mW∕5 W), respectively. We note here that, while using the 0.5% output coupler, 30 mW of total laser power was found to be leaking from the cavity high reflectors (a total of five bounces, two bounces from M1, two bounces from M2, and one bounce from HR, Fig. 4) . With the 0.5% output coupler, the estimated intracavity power is 32.6 W. This finding shows that the cavity mirrors have a leakage loss of about 0.1% (30 mW∕32.6 W), corresponding to a leakage loss level of 0.02% per bounce. Using high reflectors with improved coating, the obtained output power can exceed 200 mW from this configuration. Figure 6 demonstrates the measured variation of lasing threshold as a function of the output coupler transmission. Variation of maximum obtainable power with output coupler transmission is also shown in the same graph (at the maximum absorbed pump power of 670 mW). First of all, the optimum output coupling is 0.5%-1%, which highlights the low-gain nature of the material. This fact also underlines the importance of using high-quality crystals and mirrors with low passive losses in the resonator to attain high slope efficiencies.
RESULTS AND DISCUSSION
The measured lasing threshold was 143 mW with the 0.5% output coupler (optimum output coupling, Fig. 6 ). A lasing threshold of 83 mW was measured using a 0.1% output coupler. Moreover, operating a cavity with all HR mirrors achieved a lasing threshold of 78 mW. Using the measured variation of lasing threshold (P th ) with output coupling, it is possible to estimate the round-trip laser resonator losses (L) at the lasing wavelength (∼755 nm). According to Findlay-Clay analysis [17, 63] , P th is linearly proportional to L, according to
In Eq. (1), h is Planck's constant, v p is the pump photon frequency, η p is pumping efficiency, w p (w c ) is the pump (cavity) beam waists, σ e (σ ESA ) is the emission (excited state absorption) cross section, τ f is the fluorescence lifetime of the upper laser level, A g is the ground state absorption of the Cr 3 ions, and T is the transmission of the output coupler. Selfabsorption losses due to the Cr 3 ion are insignificant around 755 nm. Consequently, A g can be ignored in Eq. 1, which allows simplification of Eq. 1 to P th CT L, where C is a constant that includes all the initial terms. We have determined the best linear fit to the experimental data as P th ≈ 60 148T (in milliwatt units, solid line in Fig. 6 ). From this fit, the total round-trip cavity loss (L) is estimated to be 0.4 0.1%.
The measured lasing threshold values with alexandrite are higher than what we have achieved earlier with TD pumped Cr:colquiriite lasers. For example, using a 0.5% output coupler, we have measured lasing thresholds of 45 and 93 mW from Cr:LiSAF and Cr:LiCAF lasers, respectively (143 mW was measured with alexandrite). We believe that this is partly because alexandrite possesses a smaller emission crosssection-lifetime product (σ em τ, σ em stimulated emission cross section, and τ room-temperature fluorescence lifetime). As can be seen from Eq. (1), P th is inversely proportional to σ em τ. Due to the presence of the storage effect of the 2 E energy level, alexandrite has a relatively long roomtemperature fluorescence lifetime (262 μs [25] ). However, its emission cross section is quite low (0.7 × 10 −20 cm 2 ) at room temperature, resulting in a σ em τ product of 183 μs × 10 −20 cm 2 [25] . This value is higher than Ti:sapphire (131 μs × 10 −20 cm 2 [34] ), which is also known for its high lasing thresholds, but lower than Cr:LiCAF (228 μs × 10 −20 cm 2 [34] ) and Cr:LiSAF (322 μs × 10 −20 cm 2 [34] ). We also note here that the beam quality of the TD in this study (M 2 slow ∼ 5) was worse than what has been used earlier in pumping Cr:LiCAF/LiSAF lasers (M 2 slow ∼ 2.5 [54] ). Due to the multimode nature of the pump beam in the slow axis, the alexandrite laser output was also multimode in the corresponding axis. Figure 7 shows the measured position dependence of the spot size function of the alexandrite laser near the focus of a 6 cm lens. The best fit value for M 2 was determined to be 1.25 and 5 in the x and y axes, respectively. We note here that, despite the multimode pump beam, it was possible to push the alexandrite to operate with a TEM 00 mode. To this end, we have inserted a circular slit near the output coupler and decreased the aperture size until the laser produced a circular beam profile. The inserted slit generates a high level of losses for the higher-order modes and the laser power predominantly appeared in the fundamental mode (Fig. 8) . However, this has a negative effect on the mode matching between the pump and cavity modes. Hence, with the insertion of the slit, using the 0.5% output coupler, the laser slope efficiency decreased from 38% to 25% and the obtained output powers decreased from 168 to 112 mW.
We have also used the measured variation of the slope efficiency with output coupler transmission (Fig. 9) to estimate the resonator losses at the lasing wavelength (Caird analysis [64] ). According to this method, the slope efficiency (η) of a laser can be expressed as
where v l is the laser photon frequency and η 0 is the maximum (intrinsic) slope efficiency that can be obtained at high output coupling. Least-squares fitting to the experimentally measured data gave best-fit L and η 0 values of 0.3 0.1% and 63 5%, respectively. We note here that in Caird analysis, we have considered only the slope efficiency data taken with 0.1%, 0.2%, and 0.5% output couplers (filled squares in Fig. 9 ) and ignored the data taken with 1.2%, 1.7%, and 2.5% output couplers (empty squares in Fig. 9 ). In conflict with theory, the obtained slope efficiencies at high output coupling would start to decrease. A similar effect is also observed in Cr:colquiriites, where it is due to the presence of Auger energy upconversion processes [2] . Here, the decrease in slope efficiency is a side Fig. 8 . Continuous-wave output power versus absorbed pump power for the TD pumped alexandrite laser taken using a 0.5% output coupler and the intracavity slit. The laser is pumped at the 678.5 nm (R 2 ) line and the crystal absorbed 73% of the incident pump power. The laser output was single mode (inset figure shows the measured beam profile). Fig. 9 . Measured variation of the inverse of the slope efficiency as a function of the inverse of the output coupling. Using Caird analysis, the round-trip passive cavity loss (L) and the intrinsic slope efficiency (η 0 ) were determined to be 0.3 0.1% and 63 5%, respectively. Note that some of the experimental points were excluded in the analysis (empty rectangles). effect of increasing lasing threshold due to the decrease in fluorescence lifetime. We suspect that a similar mechanism might also be at work in the alexandrite gain medium. More details on the effect of Auger upconversion on laser slope efficiency can be found in [2] . The cavity loss estimate using Findlay-Clay (0.4 0.1%) and Caird (0.3 0.1%) analyses are in relatively good agreement with each other. As we have discussed earlier, due to the nonoptimum reflectivity bandwidths of the HR mirror set that was used in this study, we had about 0.1% leakage loss from the HR mirrors. Other parasitic losses of the HR mirrors are specified to be about 0.005%, so we estimate that an additional loss of 0.05% will be present from all the bounces on the cavity optics (four bounces on the curved high reflector mirrors, one bounce on each of the flat cavity high reflector and the output coupler). The remaining 0.2% loss should be attributed to the alexandrite crystal, where in each pass one roughly gets a loss of 0.1%. For the 10-mm-long alexandrite crystal, this corresponds to a quite low loss level of only about 0.1% per centimeter (cm), which is similar to what can be achieved with Cr:LiCAF (0.14% per cm [2] ) and Cr:LiSAF (0.2% per cm [65] ), and much better than typical Ti:sapphire crystals (2% per cm [11] ). This also shows itself in the crystal figure of merit (FOM) value, which is defined as the ratio of the absorption coefficient at the pump wavelength to the absorption coefficient at the lasing wavelength. The alexandrite crystal that was used in this study has an estimated FOM of about 3000 (≅ 3∕0.001), which is relatively high in comparison with Cr:LiCAF (2150 [2] ), Cr:LiSAF (1500 [65] ), and Ti:sapphire (150 [11] ). On the other hand, Scheps et al. reported a passive loss level of 0.06% per cm from a 0.2% chromium-doped alexandrite crystal (the crystal probably had even lower losses since they have assumed that the cavity optics did not contribute to the resonator losses) [36] . Hence, the slope efficiencies that were reported in this study could be further improved by using better quality alexandrite crystals and cavity optics. Figure 10 shows the measured cw tuning range of the alexandrite laser using the 0.5% output coupler. For comparison, we have also included the emission spectrum of the material (note the sharp R lines that were used for pumping). Figure 10 also includes the measured variation of lasing threshold with wavelength. The laser wavelength was tuned by (i) inserting an SF11 prism into the HR arm or by (ii) inserting a birefringent tuning plate. Both methods give similar results in terms of tuning range and output power, but the spectra were narrower with the birefringent plate (0.5 nm FWHM). With the 0.5% output coupler, the alexandrite laser could be tuned smoothly from 724 to 810 nm (86 nm). When we replaced the output coupler with a high reflector, the long wavelength edge could be extended up to 816 nm. We believe tuning below 724 nm was prevented due to the increased passive losses of the cavity high reflectors, which had reflectivity above 99.9% from 725 to 925 nm. On the long wavelength side, the mirrors had good reflectivity, but the emission cross section of the material becomes too low to have sufficient gain above 816 nm. Fig. 11 . Measured cw output power as a function of the absorbed pump power for the TD-pumped alexandrite laser taken at 0.25%, 0.5%, and 1.2% output coupling. The laser is pumped at the 680.5 nm (R 1 ) line and the crystal absorbed 95% of the incident pump power. The data were taken without an intracavity slit and the laser output was slightly multimode. In earlier studies, using flashlamp pumping, Walling et al. demonstrated tuning of a pulsed alexandrite laser from 701 to 818 nm [24] . Pulsed pumping with high lamp energies (100 J) and use of a lower Cr doping of the crystal (0.043%) was effective in reaching the short wavelength (701 nm) limit in that study [24] . Later, a tuning range extending up to 858 nm was reported by Kuper et al. from a flash lamp pumped-pulsed alexandrite laser at elevated temperatures above room temperature [33] . With temperature, the emission profile of the alexandrite shifts to longer wavelengths and the emission cross section also increases due to the increased role of the storage level [24, 33] . In particular, reaching the 858 nm range required an alexandrite rod temperature of 513°C and a pump energy of 105 J [33] .
So far, we have presented cw laser results of the alexandrite laser taken while pumping at the 678.5 nm line. For this case, the incident pump power was 925 mW, the absorption of the alexandrite crystal was 73%, and the total absorbed pump power was 675 mW. As mentioned earlier, by adjusting the diode temperature, it was possible to tune the TD wavelength to the other R line (680.5 nm). At this line, the incident pump power on the crystal decreased to 865 mW. However, the crystal absorption climbed to 95%, resulting in an overall absorbed pump power of 820 mW. Therefore, we expect a rise in the obtainable output powers from the alexandrite crystal. The efficiency curves taken with 0.25%, 0.5%, and 1.2% output couplers are shown in Fig. 11 . Using a 0.5% output coupler, we measured output powers as high as 195 mW. The lasing threshold values and the slope efficiencies remained almost the same as those obtained in the case of 678.5 nm pumping.
CONCLUSIONS AND SUMMARY
To provide a comparison with earlier work, Table 2 represents a summary of the published laser results for cw alexandrite lasers in the literature. Results obtained in this work have also been listed at the end of the table (marked with "b"). As mentioned earlier, the broad emission bands of alexandrite in the visible enables use of a variety of pump sources, including flash lamps [45] , Hg and Xe lamps [25, 46, 66] , sunlight [50] , and the second harmonic of Nd-based systems [48, 49] . Using these pump sources, tens of Watts of cw output power have been obtained from alexandrite lasers. However, these pump sources are complicated, which limits the usability of alexandrite lasers. On the other hand, there are only a few studies that report diode-pumped cw alexandrite lasers.
Earlier studies on diode pumping of cw alexandrite lasers have used low-brightness sources that were available at the time, resulting in limited levels of output power [36, 51] . Later studies using high-power diode arrays as pump sources resulted in the generation of cw output powers as high as 1.3 W [52] and 6.4 W [53] . Here, we have reported pumping of cw alexandrite lasers with high-brightness TDLs for the first time, to our knowledge. Moreover, this is probably the first report of pumping alexandrite via the R 2 transition at 678.5 nm. The obtained slope efficiencies are the highest achieved so far from diode-pumped cw alexandrite lasers and the obtained output powers (200 mW) are also sufficient for many applications. We also note here that there is great potential for future improvements by using better quality alexandrite crystals and cavity optics, as well as higher brightness TDs. Our present results clearly show that the recent advances in TD technology are key factors that result in the development of low-cost, compact, and efficient cw alexandrite lasers with moderate output power levels.
